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IV. DISPERSION ESTIMATES AND GROUND-LEVEL SO3 CONCENTRATIONS 

A. Free Convection Scaling and the "Two-Thirds Law" 
¶ 

Deardorff's (1972) numerical modeling of the convective mixing layer 

showed that large convective eddies scale in size with Hm while turbulent 
- 

velocities within this layer vary with the convective velocity scale w*, 

given by 
7 

The appropriateness of Hm and w* as the important length and velocity scales 

during strong convedtion was supported by laboratory simulations of turbulence 

in a water-filled convection chamber (Willis and Deardorff, 1974), wherein 

good agreement was found between these laboratory measurements and atmospheric 

observations. Recently, the convection chamber was used to simulate dispersion 

of neutrally buoyant particles into the mixed layer from a point source at a 

height of 0.25Hm (Willis and Deardorff, 1978). The nondimensional plume 

standard deviations, uylHm and u,/s, were given as functions of a nondimen- 

sional distance X, where 

[ 
i 

i.e., the travel time x/v divided by Hm/w,, a characteristic time scale for 

convective eddies in the mixed layer. 

, Lamh (1978a) conducted numerical simulations of neutrally buoyant par- 

I 
! ticle diffusion from a point source into the mixed layer using the turbulence 
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velocity fields computed numerically by Deardorff (1974). The simulations 

for a source height of 0.26Hm were in excellent agreement with the laboratory 

results of Willis and Deardorff (1978). In a more recent paper, Lamb (1978b) 

investigated the dispersion characteristics for higher point source releases, 

at 0.5% and 0.75Hm, and summarized his results into a simplified set of 

expressions. For release heights greater than O.lHm, Lamb gave 

These results apply for v/w, in the range 

The lower limit is imposed to ensure that 

for X < 1 

for 1 < X i 3  

for X  < 213 

for X > 2/3 

diffusion along the plume axis can 

be ignored while the upper limit satisfies the condition that the bulk of the 

mixing layer be dominated by convective turbulence. (See Lamb, 1978b, for 

"Y and a, expressions applicable to release heights less than 0. lHm. ) 

In the case of a buoyant stack plume dispersing in a convective mixing 

layer, we expect the plume standard deviations to be given by equations (16) 

and (17) far from the stack, where there are no longer stack buoyancy effects. 

Close to the stack, buoyancy-induced growth and rise should dominate the 

plume behavior. However, even near the stack, lateral meandering of the 

plume needs to be considered to predict a for the time averaged plume. 
Y 
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The crosswind dispersion of a time averaged plume can be represented 

where s is the "relative" dispersion about the instantaneous plume center- 
Y 

line and my is the "meandering" of the centerline about its time averaged 

position (see Csanady , 197 3). Close to the source s and rp can be of the 
Y 

7 same order of magnitude while far from the source s >> my. Y 
By "near" we 

mean for travel times x/v < tL, where tL is the Lagrangian integral time 

scale and by "far", we mean x/v >> tL. In a convective mixing layer 

tL - H,/w*, and the travel time separating "near" and "far" is x/v - Hm/w* 
which is equivalent to X -- 1. 

Now consider buoyant plume dispersion in the region X 5 1. We assume 

that the principal contribution to the "relative" dispersion is buoyancy- 

induced entrainment, and we have 

where B = the mean <a >/z found earlier* 
YL Y .  

z = the rise above the stack. 

Equation (20) should hold until the final rise Ah is reached. For distances 

beyond that to final rise, we assume that sy = ByL Ah. The "meandering" 

component of the dispersion, m ought to vary linearly with travel time or 
Y' 

distance for X < 1 according to statistical theory of turbulence (Taylor, 1921). 

I * For single stack plumes, we assumed D = 0.56, which was the mean value 
i 

YL found for <o >/z. This assumption was made because the calculated <a >'s Y 
were believe3 to be unrealistically large due to artificial low-level tails 

I on the crosswind scattering ratio.profile. (See discussion in Section 1IT.A.) 

j 
For the two-stack plumes, ByL = 0.35. 
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Since Lamb's result (equation 16a) is consistent with statistical theory, we 

assume it to be representative of m for X < 1. The "total" dispersion can 
Y - 

then be computed from equation (19) by replacing s by ByLz and Y 
myb by 113 X. 

For dispersion in the region X > 1, we do not attempt to resolve the 
dispersion into "relative" and "meandering" components, In this region we 

are guided by the idea that ay should tend asymptotically to 113 x2I3 

(equation 16b), and that there-should be a smooth transition of a in X < 1 Y 

to ay in X > 1. We also note that for strongly buoyant plumes which are 

still rising for X > 1, buoyancy-induced entrainment will continue to con- 
tribute to the "total" a 

Y 

Consistent with the above discussion, the following formula is proposed 

for computing a,: 

The first term within the brackets on the right hand side of equation (21) is 

2 ~ 2 / ~ m 2  in which z has been replaced by equation (1) to yield the X 41 3 
.YL 

dependence. The buoyancy-induced entrainment represented by this first term is 

assumed to increase only up until the final plume rise is reached. For X - > Xf, 
where Xf is the nondimensional distance to final rise, the first term inside 

the brackets is assumed to be constant and evaluated at X = Xf.. The second 

term inside the brackets is the square of the dispersion given by Lamb's 
\ 

! 
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resuGs (equation 16a is used for the second term in equation 21a and 

equation 16b for the second term in equation 21b). For two-stack operation, 

the sum of the buoyancy fluxes is used in equation (21). 

Measured and predicted values of a /H are in close agreement, as shown 
Y m 

in Fig. 8. The solid lines are the average prediction curves (equation 21) 

for the different cases plotted and deviate from the individual curves (not 

shown) by less than 5 percent. Note that the solid curves differ from the Lamb 

prediction most signiftcantly for X < 1, the region where plume rise and buoy- 

ancy-induced entrainment occur. For the cases shown, a typical distance to 

final plume rise is Xf = 0.8. Only cases meeting the criteria of equation (18) 

are used in this analysis. 

Fig. 8 shows that the single stack data (Fig. 8a) tend to lie slightly 

above the solid curve, whereas the two-stack data (Fig. 8b) tend to lie somewhat 

below it. One possible explanation for these differences may be the different 

wind directions and surface heat transfer characteristics upwind of the stacks 

in the two situations. For the single stack data, the wind came from the 

north to north-northeast and the upwind fetch'was a mixture of open fields and 

trees where we would expect strong convective activity during midday. This 

convective field would be transported some distance across the Potomac River 

before the cooler water surface, with its reduced surface (to air) heat flux, 

would diminish convective mixing. For the two-stack cases, the wind came 

either from the northwest or southwest and traversed a considerable stretch of 

water upwind of the plant. In this situation, we would expect reduced convec- 

tive activity and a smaller w* in the air approaching the power plant. This 

would lead to less lateral meandering and the smaller a found in Fig. 8b. 
Y 

The vertical plume standard deviation followed the prediction of the "two- 

thirds law" quite well out to the final rise distance (Fig. 7). For distances 
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1.0 - 10/27/76 v 

10/28/76 o 
Hm 
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"2B Law" and Lamb (1978b) 

0.2 - 

0.1 
0.1 0.2 0.5 1.0 2.0 5.0 

Lidar Date Mobile van - - 
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Figure 8. Nondimensional crosswind standard deviation as a function of 
nondimensional downwind distance. Measurements compared to 
predictions using cmbined "two-thirds law" and Lamb (1978b) 
and Lamb's (1978b) numerical results. a) single stack cases ; 
b) two-stack cases. (Measuranents approximate u of hourly 
averaged plume. ) Y 
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beyond Xf, the plume should hehave as a passive tracer, diffusing according 

to Lamb's results and with an initial a, (= azf), given by the value at Xf. 

The linear vertical spread with distance (equation 17a) given by Lamb is a 

good approximation to his numerical results. for source height releases of 

0.25Hm and 0.50Hm. However, for a release height of 0.75Hm and X > 0.15, 

Lamb's detailed results show a slower variation of aZ with distance 

(a, a due to the lower velocities in downdrafts at the top of the 

mixing layer. This slower growth results in a 30 percent smaller a, than 

that qiven hy equation (17) at X = 213. 

From the above discussion, we propose a simple tentative formula for 

a, for X > XF: 

where y = 0.77 and 1 for effective stack heights above and below 0.63Hm, 

respectively. (For X < Xf, a, = BzE~.) Equation (22) should hold only 

until the plume becomes uniformly distributed in the mixing layer. The 

limiting a, for a source at height he, is very far downstream, 

Lamb's approximate value for the limiting a, (= 1/3Hm) only differs by 

15 percent from that given by equation (23) for he's between 0.25Hm and 

Only five data points were taken beyond the final rise distance for 

comparison to the a, prediction given by equation (22). These are shown 

in Fig. 9 along with other a, measurements made during the same time inter- 

val but at distances less than Xf. Predictions given by the "two-thirds law" 
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- Lamb ( l978b) (See Equation 17.) 

---- "213 Law" 

--- Lamb ( l978b) Numerical 
Result: helHm = 0.75 

- Lamb t 1978b) 

- - - - I 1  213 Law" and Lamb t 1978b) - 

Figure 9. Nondimensional ver t ica l  plume standard devia t im as  a function 
of nondimensional dawnwind distance. Measurements compared t o  
predictions of "two-thirds law" and Lamb (1978b). a) single 
stack cases, &/I-I,,, = 0.70; b) two-stack cases, he& = 0.61. 
(Measurements approximate oZ of hourly averaged plume. ) 

I 
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and equation (21) are shown out to Xf and beyond Xf, respectively. The 

data are in rough agreement with these predictions. Equation (17) (solid 

curve in Fig. 9) shows more rapid spreading than the "two-thirds law" pre- 

diction and generally predicts higher azts.than were observed. Lamb's 

numerical result (dash - dot curve) for  he/^, = 0.75 agrees roughly with the 

single stack data (Fig. 9a) where he/Hm = 0.7. 

Two straightforward improvements in the a, prediction should be made. 

First, Lamb's a, should he resolved into the contribution due to vertical 

displacement of the plume centroid and that due to dispersion about the cen- 

troid. Only the latter contribution should he used in combination with the 

buoyant plume dispersion since vertical displacement of the buoyant plume 

centroid is treated separately by the rise formulas discussed'earlier. (The 

data were not available in this study for the resolution of Lamb's a, into 

the above mentioned components.) Second, vertical meandering of the plume 

centroid during plume rise should be considered as a possible additional 

contribution to a, and treated as for a Although this was not necessary 
Y. 

in the present analysis (in view of the good correlation in Fig. 7), the pre- 

sent data were collected when w*/v was typically 0.25. For stronger convection 

where w*/v might be 0.5 or greater, vertical meandering would play a more 

significant role in the time-averaged a,. 

Calculations of ground-level SO2 concentrations have been made using the 

Gaussian plume model with the above predicted a and a,. To compute the 
Y 

effective stack height, we used the lowest plume rise given by the three fol- 

lowing methods: the prediction of the "two-thirds law" at the measurement 

distance, the 1975 Rriggs plume rise formulas (equations 9, 10, and 111, or 

the height of a trapped plume (equation 13). Calculated concentrations are 

compared to measured SO2 values in Table 3. For the most part, the two are 
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in good agreement.* A summary of comparisons between measured and predicted 

oy, oz, and SO2 concentrations is given in Table 4 (see "two-thirds law" 

and Lamb). Predictions based on free convection scaling and the "two-thirds 

law" agreed better with observations than those using empirical dispersion 

estimates (discussed below). 

B. Empirical Dispersion Estimates 

Measured plume dispersion and SO2 concentrations have also been com- 

pared to predictions based on the Rrookhaven sigma curves using Weil's (1974) 

algorithm. The measured plume standard deviations are somewhat less than the 

Rrookhaven B1 class predictions shown in Fig. 10 (see also summary in Table 4 ) .  

Calculated ground-level concentrations using the Brookhaven dispersion esti- 

mates in the Gaussian model exceeded the measurements, on the average, by a 

factor of 1.76 (geometric mean). This is attributed to measurements made at 

distances less than xmax, the distance ta maximum concentration. In four 

cases where x - 0.6 xmaX (Table 3), the geometric mean of cpred/cmeas is 3.1 

while the geometric mean of cpred/cmeas for x > xmax is 0.99. Concentrations 

close to the stacks were predicted to be higher than the observed because the 

vertical plume dispersion is overestimated. 

Measured and calculated plume dispersions based on the Pasquill, Gif- 

ford, Turner (PGT) approach are compared in Fig. 11 for measurements falling 

in the neutral (Pasquill D) stability class. The PGT approach was tried both 

with the stability class selected for the prevailing meteorological conditions, 

and also with the next more unstable class. The a predictions are in fair 
Y 

* Predicted concentrations are within a factor of 2 of the measurements. 
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Figure 10. Measured plume standard deviations as a function of distance 
compared t o  predictions of Brookhaven B 1  s tabi l i ty  class; 
stabil i ty class selected using Weil (1974) algorithm. 
a) crosswind standard deviation; b) vertical standard deviatian. 
(Measurements approximate o and oz of hourly averaged plume! 

Y ? 
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Pasquill D 

I 

ill C 

Figure 11. Measured plume standard deviations as a function of distance 
canpared to predictions of Pasquill-Gifford C and D sigma a w e s .  
A l l  measurements correspond to neutral (D class) stabil ity as 
determined by 'hrner (1964) approach. a) crosswind standard 
deviation; b) vertical standard deviation. (Measurements 
approximate u and u of 10-minute averaged plume.) 1 
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Table 4. Sumnary of comparisons between observed and calculated ay, crZ, and ground-level SO2 
concentrations 

Ratio 
tI'wo-Thirds Brookhaven-Weil Pasquill-mmer Pasquill-'hmer Number 
Law" and (1974) (1964); Drop One (1964) of 
Lamb Algorithm Stability Class Approach Cases* 

'Z pred 

* Each case represents an average of repeated measurements. Data used in analysis of the "two- 
thirds law" and Lamb and Brookhaven-Weil approach approximate l-hour averages; data used 
for comparison to the Pasquill-Turner approach approximate 10-minute averages. 

** Ratios are arithmetic means - + one standard deviation. 

t Top ratio is geometric mean; bottom value in parentheses is geometric standard deviation. 



agreement with the measurements, being somewhat better for the Pasquill D 

class curve (see Table 4). However, measured 0,'s are about a factor of 3 

higher than the class D predictions and even somewhat higher than the class C 

curve. The underestimated uz's result in overestimates of the distance 

xmax and explain why predicted ground-level concentrations using the PGT 

approach in the Gaussian model underestimate measured concentrations close 

to the stacks (x < xmaX), as shown in Table 3 (Pasquill stability class 

dropped by one). Predicted concentrations using the unmodified PGTapproach 

(no shift in stability class) generally were several orders of magnitude 

less than measured values and are not shown in Table 3. 

The results found here using the empirical dispersion estimates are 

genera.11~ consistent with those found in earlier studies of stack plume 

dispersion at Maryland power plants (veil, 1974, 1977). Further discussion 

of reasons for differences between the measurements and predictions is given 

by Weil (1978). 
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V. CONCLUSIONS 

Lidar  measurements of t h e  r i s e  and growth of plumes from the  Morgantown 

power p l a n t  s taCks were used t o  a s s e s s  plume r i s e  and d i s p e r s i o n  models. 

The fo l lowing  conc lus ions  were drawn: 

1. Plume-borne a e r o s o l s  were found t o  be good t r a c e r s  o f  s tack-emi t ted  
SO2. The shape and width of t he  ae roso l  p r o f i l e s  ob ta ined  by l i d a r  
were s i m i l a r  t o  SO2 p r o f i l e s  ob ta ined  wi th  a  Ba r r i nge r  c o r r e l a t i o n  
spec t rometer  i n  a mobile van. 

2. The observed i n i t i a l  plume r i s e  wi th  two s t a c k s  ope ra t i ng  showed a  
r i s e  enhancement r e l a t i v e  t o  observed rise wi th  on ly  one s t a d  opera- 
t i n g .  Observed r i s e  w i th  two s t a c k s  ope ra t i ng  was c l o s e ,  on the 
average ,  t o  p r e d i c t i o n s  given by t h e  "two-thirds law" u s i n g  t h e  sum 
of t h e  buoyancy f l u x e s  from the  two s t a c k s .  I n i t i a l  observed r i s e  
wi th  one s t a c k  ope ra t i ng  agreed w e l l  wi th  p r e d i c t i o n s  of t he  "two- 
t h i r d s  law." 

3 .  The in s t an t aneous  crosswind and v e r t i c a l  d i s p e r s i o n s  and t h e  t i ne -  
averaged,  v e r t i c a l  d i s p e r s i o n  during i n i t i a l  r i s e  o f  t h e  buoyant 
plume were l i n e a r l y  p ropo r t i ona l  t o  r i s e  as given by t h e  "two-thirds 
law", bu t  t h e  p r o p o r t i o n a l i t y  c o n s t a n t s  were d i f f e r e n t  f o r  the s i n g l e  
and two-stack plume observa t ions .  A s i g n i f i c a n t  f e a t u r e  of t h e s e  
measurements is  t h a t  they extended almost 5 km downwind of t h e  s t acks .  

4. Briggs '  (1975) formulas  f o r  turbulence- l imited f i n a l  rise i n  n e u t r a l  
o r  convec t ive  cond i t i ons  agreed we l l  wi th  measurements of  turbulence-  
l i m i t e d  f i n a l  r i s e  and w i th  a l l  measured maximum plume r i s e s .  3 e  
lowest p r ed i c t ed  f i n a l  r i s e  from t h r e e  formulas ,  one f o r  n e u t r a l  con- 
d i t i o n s  (equa t ion  9 ) ,  and two f o r  convect ive s i t u a t i o n s  ( e q u a t i m s  10 
and l l ) ,  was chosen a s  t he  be s t  e s t ima te  of f i n a l  r i s e ;  t h e  c o n ~ l u s i o n  
given h e r e  i s  based on t h e  comparison between t h e  lowes t  p red ic red  
r i s e  and t he  observed r i s e  i n  each case .  

5 .  Briggs '  (1970) model f o r  f i n a l  r i s e  i n  n e u t r a l  c o n d i t i o n s  c o n s i s t e n t l y  
underest imated measurements of turbulence- l imited f i n a l  r i s e  and a l l  
measured maximum plume r i s e s .  The lower of t h e  r ise p r e d i c t t o n s  from 
Briggs '  o r i g i n a l  fo rmula t ion  (equa t ions  3 and 4 )  and Weil ' s  (19-3) 
mod i f i ca t i on  t o  i t  (equa t ions  3 and 7 )  vas  chosen a s  t h e  b e s t  e s t ima te  
of a  f i n a l  r i s e .  Br iggs '  o r i g i n a l  formulat ion gave a  lower e s t l n a t e  
of f i n a l  r i s e  i n  a l l  cases .  

6 .  A combination of t h e  d i s p e r s i o n  p r e d i c t i o n s  from t h e  " two-thirds  law" 
and Lamb's (1978b) r e s u l t s  f o r  d i f f u s i o n  of  n e u t r a l l y  buoyant p a r t i c l e s  
i n  convec t ive  mixing l a y e r s  y i e lded  d i s p e r s i o n  e s t i m a t e s  t h a t  agreed 
w e l l  w i t h  observa t ions .  Ground-level SO2 concen t r a t i ons  predicted 
us ing  t h e  Gaussian model and t h e  above procedure f o r  computing and 
0, were e q u a l ,  on t h e  average ,  t o  observed SO2 concen t r a t i ons ;  rKe 
geometr ic  s t anda rd  d e v i a t i o n  of t h e  r a t i o  of p r ed i c t ed - tomeasu red  
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concentration was 1.9. Dispersion predictions using the "two-thirds 
law" and Lamb's results also agreed better with observations than 
estimates given by the Brookhaven-Weil (1974) or the Pasquill, Gifford, 
Turner (1964) methods. 
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APPENDIX A 

Data Used In Analvsis 

Nomenclature for  Tables A 1  - A6 

A. Lidar Backscatter and SO2 Profile Results (Tables A l  andA4) 

RUN = an identification code for each s e t  of l idar  (or SO ) profiles 
and associated meteorological and power plant condihons 

STAIYT TIME = time a t  which repeated l idar  scans or mobile van traverses 
began for a particular cross section; first two digi ts  are the 
hour, l a s t  two digi ts  are minutes af ter  the hour 

EM) TIME = time a t  which repeated scans or van traverses ended for 
a cross section 

x = radial distance from power plant to  the centroid of the average 
scattering ra t io  (SR) lidar distribution or the average cross- 
wind SO profile; average profi le  computed from N repeated scans 
or travzrses (m) 

z = height of centroid of average l idar  SR distribution above the 
stack (m) 

a = crosswind standard deviation computed from average l idar  SR 
distribution or average crosswind SO2 profi le  (m) 

a = vert ical  standard deviation computed from average l idar  SR 
Z distribution (m) 

<a > = average of N individual crosswind standard deviations from 
Y repeated l idar  scans or repeated SO2 profiles a t  a cross 

section (m) 

<az> = average of N individual vert ical  standard deviations from 
repeated l idar  scans a t  a cross section (m) 

N = number of l idar  scans or !302profiles i n  a s e t  of repeated 
measurements a t  a cross section 

PHI = angular bearing of centroid of average crosswind SO2 profile; 
angle measured clockwise from grid north (deg) 

maxirrnun SO ground-level concentration from average crosswind 
SO2 profi je  (ppb) 

= standard deviation i n  SO2 concentration about c2  (ppb) 

average of inlividual maximum SO ground-level concentrations 
from N repeated crosswind prof i f  es  a t  a cross section (ppb) 

= standard deviation in SO2 concentration about cl (ppb) 
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B. poker Plant Operating Conditions (Tables A2 and AS) 

Q1, Q2 = SO2 mission ra te  for stack 1 and stack 2,  respectively, 
computed from fuel consumption and fuel analysis (campo- 
sition) data (kg/sec) 

F1 , F2 = buoyancy flux from stack 1 and 2,  res  ectively, Briggs B (1970) definition of buoyancy flux (m /sec3). 

C. Meteorological Conditions (TablesA3 andA6) 

v = average wind speed i n  mixing layer (m/sec) 

THETA = average wind direction i n  mixing layer ; direction from which 
wind blows; direction measured clockwise from grid north (deg) 

T1 = average ambient . . temperature a t  surface (OC) 

DTDZ = average potential temperature gradient between stack top and 
top of mixing layer (OC/m) 

Hm = depth of mixing layer (m) 

2 QR = solar insolation (cal/cm /hr) 

HR = hour a t  which surface meteorological observations were obtained 
from airport weather data ' 

CLC = cloud cover in tenths from airport weather data 

E L  - ceiling height; unlimited ceiling height given by 999 (hwidreds 
of feet) 

VS = surface wind speed a t  airport (m/sec) 
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Table A1 . Lidar measurements. 

Arithmetic 
Mean . Eulerian Averages Date 

End 
Time 

Start 
Time 

Mon . - 
9 

9 

9 

9 

9 

10 
10 
10 

7 
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Table A3. Plant cmditions for lidar data 

Year 

7 6 
76 
7 6 
76 
7 6 
76 
7 6 
76 
7 6 
7 6 

7 6 
7 6 
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Table A4. Mobile van masuranents. 

Date Start End 
- k m  T Time x 

Month Year 

9 76 lW 1047 1215 2401 
1359 1522 8918 

3EN 1645 1736 3441 
9 76 4W UZO 1414 5694 

W 1524 1609 2734 

9 76 B.N 1154 1386 12271 
10 76 7MV 1509 1554 25523 
10 76 W 1607 1642 2221 

Gnlrrd-level SO, Profiles 

Average Profile 

WA profiles  we^ not measured becmise integrated SO2 levels were below 
the sensitivity of the cornla t im spectmneter. 

Arithnetic Means 

Vertically Integrated 

SO2 Profiles 

Average 
Pmf i le  

"y 
214 

688 

389 

595 

196 
1112 

NA" 
388 



Table AS. Meteorological conditions for dobile van data 

- 
Month 

9 

9 

9 

10 

10 

Year 

76 

76 

76 

76 

76 



Table A6. Plant conditions for mobile van data 

Month 

A- 9 Martin Marietta Environmental Center 

Year Run Ql F1 92 F2 
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APPENDIX B 

Comparison Between Crosswind Profiles of Scattering Ratio and SO2 

by 

Jonathan L. Altman 

One of the objectives of this study was to evaluate the usefulness of the 

lidar for inferring SO2 distributions in buoyant stack plumes. The first 

step in such an evaluation is to compare data obtained with the lidar to similar 

data obtained by some other method. We have chosen to use the vertically 

integrated SO2 distribution in the plume measured by a Rarringer correlation 

spectrometer (COSPEC) for the comparison. We have routinely used that instru- 

ment in the past to obtain information about the SO2 distribution of the 

elevated plume. The lidar backscatter data can be processed to give the ver- 

tically integrated scattering ratio in sections through the plume. As discussed 
3' 

in the footnote on page 11-3, the scattering ratio is a measure of the relative 

particulate mass concentrations in the plume. 

In making the comparison between these two sets of data, two basic assump- 

tions were made. First, we assumed that the settling velocities of the particles 

in the plume were small enough that the particulates were dispersed in the 

same way as a gas. Second, we assumed that the proportion of suspended par- 

ticulates to SO2 gas in the stack effluent was constant during the time 

required for one set of lidar and COSPEC measurements. Both these assumptions 

require close scrutiny in the light of the results of the comparison. 

The lidar and COSPEC measurements were compared for five sets of simul- 

taneously taken data. Dates and configurations under which these data sets 

were taken are given in the first four columns of Table B1 and in the maps of 

Figures B1 to B4. Since a single crosswind profile takes longer to obtain 
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with the COSPEC than with the lidar, because of the van's travel time, we have 

made no attempt to directly compare individual crosswind profiles; instead, an 

averaged profile for the time periods indicated was calculated. The results 

were then compared on the basis of (1) the shapes and widths of the profiles 

(qualitative comparison), (2) the crosswind standard deviations (uy) (quanti- 

tative comparison), and (3) locations of the centroid of the vertically inte- 

grated concentration distributions. 

The lidar data were initially analyzed to give the vertically integrated 

scattering ratio as a function of distance along the lidar line of sight for 

each lidar scan. The distance along this line was then divided into 200-meter 

segments, and the integrated scattering ratios falling within each segment 

were summed. The sums for a given segment from each of the individual profiles 

within a given time period were then averaged, and each of the averages was 

divided hy the maximum average value obtained for all the segments. Thus, an 

average profile normalized to unity at its peak was obtained for the appropriate 

time interval. Since the scattering ratio is proportional to the concentration 

of aerosols, the normalized profile just described is effectively a normalized 

concentration profile of aerosols. This profile was compared with a similarly 

normalized averaged COSPEC concentration profile of SO2 over the same run. 

The standard deviations of each of the segmental averages were also computed 

and were normalized by the average scattering ratio for the appropriate segment. 

The vertically integrated SO2 concentration, or SO2 burden, obtained by 

the COSPEC was analyzed similarly to the lidar data. For each individual SO2 

profile, the SO2 burden was summed within the same crosswind segments used 

for computing the scattering ratio "sums". Fig. B1 illustrates this geometry. 

Normalized averages and standard deviations of the SO2 burden "sums" were then 

computed for each crosswind segment by the same method used for the computation 
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of the lidar profiles. Plots of these normalized average "sums" and their 

standard deviations for both the lidar and COSPEC measurements are shown in 

Figs. R5 through R9. 

A visual comparison of the profiles in Figs. B5 through R9 reveals fair 

overall agreement. The most obvious differences between the lidar and COSPEC 

profiles seem to he their relative displacement rather than any great differ- 

ences in shape (with the exception of Fig. R8). The best agreement was obtained 

for the two profiles on 22 September. 

Table B1 summarizes several parameters which give a quantitative measure 

of the crosswind dispersion, as well as the variability of the plume position 

during the measurement time. We found that, in every case, of the indi- 
OY 

vidual COSPEC profiles was greater than that for the lidar profile. This 

was also true in all but one case (25 Sept.; 1524-1609) for the 0 of the 
Y 

averaged profile. The difference may he related to the difference in sampling 

time for the two instruments. The typical time required for a lidar scan is 

1 minute, while the van carrying the COSPEC requires 3 to 5 minutes to complete 

a single pass under the plume. 

The variation of the plume position is expressed in columns seven and 

eight of Table B1 as the standard deviation in both degrees and meters of the 

crosswind position of the centroids of the individual profiles. These values 

were calculated by taking the second moment of the angular position of the 

individual centroids about the mean centroid position. The lidar and COSPEC 

data show a marked disagreement in calculations of this parameter; however, 

the difference is not consistent as it was for the a computations. It 
Y 

should be noted, however, that the two sets of data taken by the same method 

on the same day are consistent. Thus, both sets of COSPEC measurements on 

23 Se~tember show a less variable plume than do the lidar, while the reverse 

1 
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is true on 22 September. A closer examination of individual lidar profiles on 

the afternoon of 23 September revealed a fairly large variat-ion in the scatter- 

ing ratio profiles both horizontally and vertically. In addition, the wind 

profiles from that time period showed relatively large wind direction shear 

( - O.O35"/m). 
Although our data were not sufficiently detailed to indicate with any 

certainty the reasons for the differences between the lidar and the COSPEC 

measurements, there are several likely causes. We feel that the most important 

reason for the discrepancies is the difference in cross-section sampling time 

for the lidar and the COSPEC. In most cases, COSPEC profiles would be expected 

to he somewhat wider than the lidar profiles because of the wandering of the 

plume during the longer measurement time. This wandering would also affect 

the measures of plume variation (0 and plume centroid location) and depends 
Y 

on the time scale of the largest atmospheric eddies. Thus, the effects of 

time differences during cross-section sampling vary with the meteorological 

conditions (ambient turbulence time scale). Another factor which may have 

caused a difference between the lidar and COSPEC measurements is the possibility 

that the pronortion of aerosol to SO2 in the plumes was not always constant. 

Rased on visual observations and the stack test data, we suspect that the 

stack particulate flux over short time intervals (several minutes) varied much 

more than the stack SO2 flux. Constant stack fluxes of SO2 and particulates 

during the measurements would be highly desirable in any future work. 
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Table B1. Camputed plume parameters f rm lidar and OOSPEC data 

Centroid Avg of u Std. Dev. Std. Dev. Centroid 
No. of Distance . of Indiv. of  Centroid of Centroid Angular Pos. 
Indiv. P m  S t a d  & k o f i l e  Profile Crosswind Cmsminsl (bg. f r m  

Date T5m Profiles (in) b) (m) p a .  (m) Pos. (Ng) North) 

Lidar 9/22 1558-1619 

CDSPE 9/22 1645-1736 

Lidar 9/22 1629-1748 

Lidar 9/23 1131-1214 

Lidar 10/28 1606-1632 



Wind Direction 

Lida r 

Figure B-1. Plan view of plume and measurement geometry. 
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Mobile Van Measurement Route 

Sept. 22, 1976 

Mobile Van 1557 - 1638 ; 1645 - 1736 
Lidar 1558 - 1619 ; 1629 - 1748 

Lida r 

Figure B-2. Measurement route and l ida r  scan geomet~y f o r  September 22 ,  1976. 



Stacks 

Sept. 23, 1976 

Mobile Van 1119 - 1215 : 1524 - 1609 
- N  Lidar 1131 - 1214 1530 - 1609 

Lida r 

Mobile Van Measurement Route 

Figure B-3 .  Measurement route and l i d a r  scan geanetry f o r  September 23, 1976. 
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Sept. 22, 1976 Time. - 
-_- -_  SO2, Mobile Van 1557 - 1638 
- Scatterinq Rafio, Lidar 1558 - 1619 

DISTANCE FROM L IDAR tm) 
Figure B - 5. Normalized average concentrations and standard deviations by 

crosswind segment . 
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Figure 

Sept. 2% 1976 Time - 
---- -  

r A so2, Mobile Van - Scattering Ratio, Lidar 
x = 2 9 5 8 m  
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DISTANCE FROM LIDAR (m) 
B- 7 .  Normalized average concentrat ions and standard deviations by 

crosswind semnent . 
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